One contribution of 12 to a theme issue 'Synthetic glycobiology'. Essentially all living systems produce complex carbohydrates as an energy source, structural component, protective coat or adhesive for cell attachment. Many polysaccharides are displayed on the cell surface or are threaded through proteinaceous tunnels for degradation. Dictated by their chemical composition and mode of polymerization, the physical properties of complex carbohydrates differ substantially, from amphipathic water-insoluble polymers to highly hydrated hydrogel-forming macromolecules. Accordingly, diverse recognition and translocation mechanisms evolved to transport polysaccharides to their final destinations. This review will summarize and compare diverse polysaccharide transport mechanisms implicated in the biosynthesis and degradation of cell surface polymers in pro-and eukaryotes.
Protein carbohydrate interactions
Most naturally occurring carbohydrates adopt a ring structure obtained by intramolecular hemiacetal formation between the sugar's aldehyde or ketone moiety and one of its hydroxyl groups. The resulting cyclic hemiacetal is referred to as a pyranose or furanose for six-and five-membered rings, respectively. Because the cyclic form is thermodynamically favoured and thus predominant for most natural carbohydrates, proteins evolved to recognize not only the ring structure but also the functional groups extending from it in either axial or equatorial orientations. Glucose, for example, only contains equatorial hydroxyl groups and exists primarily in the pyranose form [1] . Here, all hydroxyl groups point away from the pyranose plane, while the ring protons are in an axial position. This arrangement accounts for hydrophobic and hydrophilic properties parallel and perpendicular to the glucopyranose ring, respectively (figure 1).
A common mechanism by which proteins recognize and interact with carbohydrates involves van derWaals interactions between the side chains of aromatic amino acids and the hydrophobic surfaces of the sugar rings [2, 3] . These interactions result from stacking of the aromatic p-electron density against the sugar's hydrophobic C -H groups and account for about 1.5 kcal mol 21 interaction energy for a monosaccharide in a hydrated system [4] . For polysaccharides, these interactions can amount to a substantial driving force for protein -polymer complex formation. Tryptophan, for example, (i) often stacks against sugar rings in the active sites of carbohydrate-active enzymes, (ii) is frequently found in the binding pockets of carbohydrate-binding modules, and (iii) can line polysaccharide translocation channels. Considering glucose in its pyranose form as an example, hemiacetal formation at the C1 position generates a new hydroxyl group that can either be in an axial or in an equatorial position (a-configuration or b-configuration, respectively). The axial hydroxyl points towards the A face of the glucopyranose ring, with the opposing side referred to as the B-face. interactions with the ring's A-face and limits these interactions to the opposing B-face [4] .
Naturally occurring eukaryotic and prokaryotic sugars contain a diverse range of functional groups, including hydroxyl, carboxylate, amine, acetylated or formylated amine, as well as phosphate groups, among others [5, 6] . Recognition of these groups and their localization relative to the sugar ring confers precise specificity in many carbohydrateactive enzymes and recognition modules. These interactions are mediated by hydrophilic amino acid side chains as well as backbone amide and carbonyl groups, thereby forming binding pockets that recognize hydrogen-bonding networks specific to each sugar. Thus, carbohydrate-based recognition motifs can be particularly specific.
Greasy slides-maltodextrin translocation through the maltoporin channel
Oligosaccharides are a valuable energy source for many organisms and an array of scavenging systems exist to ensure efficient uptake. The outer membrane (OM) of Gram-negative bacteria is impermeable to carbohydrates, which cross it through passive channels, termed porins [7, 8] . Maltoporins, for example, are abundant OM proteins selective for malto-oligosaccharides, more so than for small ions and charged solutes. The specificity of porins arises from the physico-chemical properties of the transmembrane channel formed as well as periplasmic and extracellular loops surrounding it. Crystal structures of maltoporin and related proteins in the absence and presence of oligosaccharides provided important insights into their translocation mechanisms [7, 9, 10] . Structural and statistical analyses of maltoporin bound to a maltotrioside (a trisaccharide) revealed a delicate interaction network that facilitates oligosaccharide 'sliding' through the maltoporin channel (figure 2) [11] .
Maltoporin extensively coordinates each glucose unit of the trisaccharide via CH-p stacking interactions and hydrogen bonding, thereby forming a 'greasy slide' along the channel axis that is lined with hydrogen bond acceptors and donors. Separating the contributions of the hydrogenbonding network and CH-p interactions to the overall translocation energy profile identifies energy minima for both contributions. Importantly, the respective translocation energy minima and maxima for both contributions are offset by about half a glucose unit, such that energy minima due to hydrogen bonding compensate for maxima in the hydrophobic translocation energy profile and vice versa. Thus, the precise spatial positioning of different carbohydrate recognition motifs within the maltoporin channel generates an energetically smooth path for malto-oligosaccharide diffusion [11] .
Heteropolysaccharide recognitionhyaluronan-binding motifs
The above-described coordination of maltodextrin by hydrophobic and polar contacts is frequently observed in carbohydrate-interacting proteins, including passive channels [12] , carbohydrate-binding modules [13] , cell wall-loosening expansins [14] and lectins [15] . This interaction mechanism is distinct from how hyaluronan (HA), an acidic glycosaminoglycan, interacts with binding modules and hyaluronidases.
HA is an abundant cell surface polymer of the vertebrate extracellular matrix where it performs essential functions in osmoregulation and cell adhesion and migration, among many others [16] . HA consists of alternating units of Nacetylglucosamine (GlcNAc) and glucuronic acid (GA), linked via b-1,3 and b-1,4 glycosidic bonds, respectively [17] . The polymer is extensively hydrated in solution and interacts with various cell surface receptors, including CD44 and RHAMM [18] .
The crystal structure of murine CD44 bound to an HA octamer (4 disaccharide repeat units) revealed a shallow binding groove almost exclusively formed by polar and charged contacts devoid of CH-p stacking interactions [19] . CD44 specifically recognizes HA over other glycosaminoglycans. Specificity arises from recognizing the characteristic HA repeat unit structure, a GlcNAc-GA disaccharide ( figure 3a) .
Specifically, GA's carboxylate group interacts with backbone nitrogens of two consecutive Ala residues as well as the side chain hydroxyl of a Tyr residue. The N-acetyl group of the preceding GlcNAc is recognized by multiple interactions as well. Its methyl group plugs into a hydrophobic pocket, while the carbonyl oxygen hydrogen bonds to the hydroxyl group of a Tyr residue. CD44 stabilizes HA royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180060 in a bent conformation at its binding groove and specifically recognizes the polysaccharide's 'edge' that displays the characteristic functional groups [19] .
The interaction of HA with bee venom hyaluronidase combines CH-p stacking interactions with the specific recognition of the HA disaccharide repeat unit [20] . In the crystal structure, a bound tetrasaccharide packs into a deep groove between two domains that recognize a trisaccharide motif consisting of a GlcNAc-flanked GA. GA stacks against a Tyr residue and its carboxylate group contacts the hydroxyls of two consecutive Ser residues. Similar to HA in CD44 [19] , both N-acetyl groups pack with their methyl moieties into hydrophobic pockets, while the carbonyl oxygen and amine nitrogen hydrogen bond to polar side chains (figure 3b) [20] . Considering HA as an example, CH-p stacking interactions seem less crucial for proteins interacting with flexible polar or charged polysaccharides, such as HA, chitin, and poly-N-acetylglucosamine (PNAG). 
Threading a needle-polysaccharide membrane translocation
Polysaccharides form an essential component of many cell walls, extracellular matrices and protective coats built to disguise pathogens or outlast detrimental environmental conditions [21 -24] . The polymers on the cell surface can be hundreds to tens of thousands of sugar units long, thus, in an extended form, many polysaccharides exceed the length of a prokaryotic or even eukaryotic cell. Abundant examples include HA, cellulose and chitin. Diverse mechanisms exist for extracellular polysaccharides to reach their final destinations. In eukaryotes, vesicular trafficking to the cell surface localizes polymers such as heparan sulfate and hemicelluloses [24, 25] . In bacteria, sucrase-dependent systems are capable of synthesizing high molecular weight complex carbohydrates on the cell surface [25] . For Gram-negative bacteria, O-antigen polymers can by synthesized either in the periplasm [26] or in the cytoplasm [27] , followed by ligation of the O-antigen to the lipid A core in the periplasm [28] , and transport to the OM. Capsular polysaccharides, synthesized in either the cytoplasm or periplasm [29] , can be secreted via an OM translocon [30] . Finally, polymer synthesis by membrane-embedded glycosyltransferases (GT) can be coupled to translocation across the envelope for polymers such as cellulose, chitin, and HA among others [27, 28] .
The different biopolymer biosynthesis pathways have recently been reviewed [26, 27, 31] . The following discussion focuses on our current knowledge of the cellulose and O antigen translocation mechanisms, representing examples of synthase-dependent and ABC transporter-mediated biosynthesis pathways, respectively.
Cellulose translocation
Cellulose is the most abundant naturally produced polymer and forms the major component of the cell wall of vascular plants and algae [32] . It serves as a biofilm component of many Gram-negative bacteria as well as a structural element of the house of tunicates [12] . Cellulose is synthesized and translocated across the plasma membrane by the so-called synthase-dependent pathway, involving a processive and membrane-embedded GT that synthesizes cellulose from UDP-activated glucose and translocates it across the membrane through a channel formed by its own membrane-spanning segment [31] . Cellulose synthase is a Type-2 GT [33] , similar enzymes are involved in the biosynthesis of HA, chitin, alginate, PNAG and other microbial exopolysaccharides.
Structural and functional work on bacterial cellulose synthase from Rhodobacter sphaeroides provided a detailed picture of how the enzyme combines cellulose synthesis and secretion [12] . First, the active site, created by a classical GT-A domain, packs tightly against the entrance to the transmembrane channel formed by eight transmembrane helices of the synthase [34] . Second, the conserved Q-X-X-R-W motif, a defining sequence of membrane-embedded processive GTs, sits at the channel entrance and the Trp residue stabilizes the acceptor (i.e. the non-reducing end sugar of the nascent cellulose polymer) through CH-p stacking interactions. Additional polar residues surrounding this binding site recognize the acceptor's hydroxyl groups [35] . Third, conserved Thr and Asp residues (belonging to a TED motif at the N terminal end of a 'finger helix') form hydrogen bonds with the C2 or C3 and C4 hydroxyls of the acceptor, respectively. The Asp residue functions as general base that deprotonates the acceptor during glycosyl transfer [35, 36] . Fourth, following glycosyl transfer, the extended cellulose polymer is pushed into the channel such that the newly added sugar unit serves as the acceptor in a subsequent transfer reaction [37] .
Translocating cellulose into the transmembrane channel is not rate limiting, suggesting an energetically smooth transition of the polymer inside the channel [38, 39] . However, cellulose does not slide spontaneously into the pore, translocation requires conformational changes of cellulose synthase that push the polymer into the transmembrane channel. This is accomplished by a concerted movement of the enzyme's finger helix together with a 'gating loop' that either inserts deeply into the catalytic pocket or retracts from it, in the substrate-bound and -free states, respectively.
Cellulose elongation initiates the repositioning of the finger helix such that it points downwards into the catalytic pocket to enable interactions with the newly added sugar unit. The finger helix is then pushed to its original 'up' position by an incoming new substrate molecule and the gating loop, such that it 'drags' the polysaccharide with it during the transition. Because the movement of the finger helix and cellulose is coupled to substrate binding, the free energy of substrate binding likely drives cellulose translocation [37] .
Inside the transmembrane channel, cellulose is coordinated extensively by CH-p stacking interactions as well as a network of hydrogen bonds that span the entire channel. While all glucose units inside the channel form hydrophobic and hydrophilic interactions, only the terminal glucose unit at the acceptor binding site is coordinated via each of its hydroxyl groups, a feature perhaps facilitating the movement of a newly added glucose unit to this position during the translocation step (figure 4a) [39] .
O antigen translocation
O antigens represent a diverse group of microbial complex carbohydrates that extend the conserved core of lipopolysaccharide molecules found in the OM of Gram-negative bacteria. O antigens vary in length from 10 to about 100 sugar units and are synthesized by two different pathways, as reviewed in detail [26] [27] [28] . In one pathway, O antigens are synthesized intracellularly on an undecaprenyldiphosphate lipid linker and the polysaccharide is transported to the periplasmic side of the inner membrane by the WzmWzt ABC transporter after completion of its biosynthesis.
Studies on cellulose synthase showed that a linear polysaccharide in an extended conformation spans the width of the membrane with about 8 sugar units [34] , hence O antigens 10-100 units long exceed this length multiple times. Therefore, during transport by an ABC transporter, the O antigen polymer is assumed to span the transporter, which, in turn, is postulated to form a polysaccharide transmembrane channel. The synthesis and membrane translocation of wall teichoic acids in Gram-positives reveals many parallels to O antigen biosynthesis, including homology of the translocating ABC transporter TarGH [40] .
Several observations suggest that O antigen ABC transporters are not selective for specific O antigen structures (i.e. oligosaccharide repeat units that make up the high molecular weight polymer and define serotypes). First, royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180060 cross-species complementation studies revealed that E. coli O9a knockout strains deficient in WzmWzt can be rescued with the transporter homolog from Klebsiella pneumoniae O2a [41] . Second, similar experiments have been performed on the related teichoic acid transporter TarGH, revealing that the Staphylococcus aureus transporter can functionally replace the Bacillus subtilis homologue, despite different teichoic acid structures [42] .
The crystal structure of the Aquifex aeolicus O antigen ABC transporter revealed a heterodimeric organization that resembles architectures found in eukaryotic sterol transporters [43] . According to its function, the transporter forms a large transmembrane channel that is lined with aromatic and hydrophilic residues, thereby allowing, at least in principle, a similar polysaccharide coordination as observed in cellulose synthase (figure 4b).
It is assumed that translocation initiates upon recognition of the O antigen's lipid anchor by the transporter. Following initiation and reorientation of the lipid moiety towards the membrane's periplasmic side, the polysaccharide chain likely spans the transporter and is translocated step by step in an ATP-dependent manner [43] . Hence, in contrast to cellulose synthase that pushes on cellulose's non-reducing end [37] , WzmWzt likely interacts with and pushes against short stretches of the polymer. A cluster of hydrophobic residues near the putative cytosolic substrate entry site could perform these tasks, based on steric interactions with the polysaccharide chain. Similar 'steric interference' translocation models have been proposed and even visualized for polypeptide translocating AAA-ATPases, including ClpX, Vps4-Vta1 and Hsp104 [44 -46] .
Narrow pores-outer membrane
translocation of polysaccharides
Exopolysaccharide secretion
Gram-negative bacteria translocate exopolysaccharides across their cell envelope consisting of the inner membrane, the periplasmic space and the OM. Often, this is accomplished by envelope-spanning complexes that form continuous conduits. Transport across the OM generally occurs through OM proteins that generate hydrophilic pores [47] [48] [49] . Proteins in the outer bacterial membrane usually adopt b-barrel architectures that enable passage of water and small solutes, yet can exhibit exquisite specificity for certain nutrients, cofactors or signalling molecules [50] . In polysaccharide and polypeptide translocation systems, porins usually interact with inner membrane components through either periplasmic proteins that physically connect outer and inner membrane subunits (called 'membrane fusion proteins') or extended periplasmic domains on the OM subunit (and/or the inner membrane proteins) capable of performing a similar function.
Synthase-dependent exopolysaccharide secretion requires the interaction of the inner membrane components with the OM porins [31] . These subunits are called BcsC, AlgE and PgaA for the cellulose, alginate and poly b-1,6 GlcNAc synthases, respectively, with crystal structures available for AlgE and PgaA [51, 52] . While PgaA and BcsC contain periplasmic tetratricopeptide repeats (TPR) [53] that likely contact the inner membrane subunits [31, 54] , this interaction is mediated by AlgK and other subunits in alginate synthase [55] .
AlgE, the OM pore of alginate synthase, has been crystallized in several crystal forms by different groups [51, 56] . The porin consists of 18 antiparallel b-strands that form a hydrophilic pore across the OM. The AlgE channel is blocked by three extracellular and two periplasmic loops that insert into the barrel to varying degrees, thereby plugging the channel. Interestingly, one structure revealed electron density inside the AlgE pore reminiscent of a citrate molecule from the crystallization solution [56] . It is possible that citrate mimics a partial sugar unit of the alginate polymer (b-1,4-linked mannuronic and guluronic acids). The citrate molecule is extensively coordinated by basic residues that are proposed to form a positively charged entry portal for the anionic alginate polymer (figure 5a). Interactions of AlgE with other periplasmic and inner membrane components are mediated by AlgK, a TPR-containing protein that has been shown to royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180060 interact with AlgE [55] . This interaction, in turn, is assumed to displace periplasmic loops from the interior of the AlgE barrel, thereby opening the pore and allowing alginate entry. However, detailed analyses of an oligosaccharidebound AlgE pore are required to delineate the translocation mechanism at an atomic level.
Lipopolysaccharide translocation
Lipopolysaccharides (LPS) consist of lipid-A, the inner and outer core oligosaccharides, and the O antigen polysaccharide and are assembled on the inner membrane's periplasmic side. The lipid-A-core oligosaccharide complex (often referred to as lipid-A-Kdo2) is synthesized on the membrane's cytosolic side and transported to the periplasmic leaflet by the MsbA ABC transporter. Recent cryo-electron microscopy structures of MsbA bound to a lipid-A-Kdo2 molecule provided important insights into its translocation mechanism [57, 58] . On the cytosolic side, the glycolipid binds in a deep pocket with its acyl chains pointing towards the periplasm. During transport, the molecules must reorient such that the core oligosaccharides face the periplasmic transporter exit and the hydrophobic lipid moiety is inserted laterally into the periplasmic lipid leaflet. Following lipid-A-Kdo2 and O antigen inner membrane translocation, mature LPS molecules are assembled in the periplasm and shuttled to the OM via the Lpt pathway [28, 59] . While the ABC transporter LptBFG extracts LPS from the inner membrane and transfers it to the inner membrane-anchored LptC subunit, the periplasmic LptA protein oligomerizes and interacts with LptC in the inner and LptD in the OM, thereby forming a continuous path across the periplasm [60] . Extrusion of LPS molecules from the inner membrane by the LptBFG transporter also drives translocation across the periplasm and the OM, a mechanism referred to as the PEZ model [28, 59] .
LptD is a large, 26-stranded b-barrel protein in the OM that facilitates insertion of lipid-A into as well as translocation of the O antigen polysaccharide across the OM [61, 62] . Another subunit, LptE, inserts deeply into the LptD channel and forms a structural and functional unit with the porin (figure 5b).
Interestingly, the interior of the LptDE channel exhibits an increasingly electronegative character from its periplasmic to its extracellular side, a feature that has been demonstrated to impact LPS insertion into the OM. Because of its electronegative character, charge repulsion within the channel likely facilitates the lateral release of the lipid into the OM [61] . LptD's lateral gate has been located between b-strands 1 and 26. Disulfide tethering of the gate severely affects LPS migration and hence cell viability [62] .
The O antigen moiety of LPS likely diffuses passively through the LptDE pore. Translocation requires the relocation of periplasmic and extracellular loops, yet, with a pore diameter of about 15 Å , the channel is wide enough to accommodate the O antigen polysaccharide. Similar to AlgE, LptDE likely minimizes strong interactions with the O antigen polymer during translocation, thereby reducing translocation energy barriers.
Capsular polysaccharide translocation
Capsule formation is an abundant defence strategy of many Gram-negative pathogens to combat host innate immune responses. The (often acidic) polymers are synthesized by different mechanisms that have recently been reviewed [23, 29] . Group 1 capsules, exemplified by the E. coli K30 or Pseudomonas aeruginosa PAO1 capsules, are assembled in a multistep process that includes the flipping of lipid-linked oligosaccharides from the cytosolic to the periplasmic side of the inner membrane, the assembly of these repeat units into a high molecular weight polymer, and the translocation of the polysaccharide across the periplasm and the OM [23] .
The translocation of the undecaprenyl-diphosphateanchored repeat unit structures is catalysed by Wzx, a proton-coupled secondary transporter that reorients the glycolipid in the inner membrane [63, 64] . Upon 'flipping', the Wzy GT assembles the high molecular weight polysaccharide on the periplasmic side of the inner membrane and likely channels the polymer to the Wza OM pore [23] .
Wza is a remarkable protein.
It forms a large a-helical barrel consisting of eight subunits and inserts into the OM through C-terminal hydrophobic a-helices (figure 5c) [65] . The barrel forms a substantial pore with a minimal diameter of about 14 Å , sufficiently wide to accommodate a polysaccharide chain. The interior of the Wza barrel has profound hydrophilic properties and lacks a discernible path of aromatic residues that would favour CH-p stacking interactions. This is perhaps explained by the structure of the K30 repeat unit, a branched and negatively charged tetrasaccharide [23] . Crystal and electron microscopy structures of the Wza octamer revealed a closed periplasmic barrel entrance and open extracellular exit [65, 66] .
Translocation of the K30 polysaccharide through the Wza barrel has been demonstrated using a site-directed chemical cross-linking approach. Here, the UV-inducible unnatural amino acid para-benzoyl phenylalanine was introduced into Wza at selected sites within the barrel lumen, leading to efficient protein -polysaccharide cross-linking during polymer extrusion in vivo [30] . It is likely that Wza, upon interactions with the inner membrane components, forms a large aqueous channel across the OM and most of the periplasm, thereby allowing the passage of a branched and rather flexible high molecular weight polysaccharide.
Cellulose translocation through a 'degradation channel'
Cel7A is a microbial cellobiohydrolase capable of degrading cellulose fibrils present in most plant-derived materials [67] . The enzymes from Trichoderma reesei and homologs have been studied in detail by various biophysical and structural biology techniques, providing unique insights into the reaction mechanism [68 -71] . Cel7A consists of two domains, a family-1 carbohydratebinding module that is fused to a C-terminal family-7 glycoside hydrolase domain. The catalytic domain forms an approximately 50 Å long tunnel that can accommodate a single 9 glucose units long glucan chain [70] . The enzyme's active site is located at the tunnel end and removes disaccharide units from the glucan's reducing end. High-speed atomic force microscopy studies provided spectacular insights into the propagation of the enzyme along cellulose microfibrils, revealing the repeated association and dissociation of the CBM with the microfibril surface together with processive activity of the hydrolytic glycoside domain [72 -74] .
Cel7A employs several aromatic and hydrophilic residues to coordinate the glucan chain inside its tunnel by CH-p and polar interactions, similar to cellulose synthase [70] . The aromatic residues guide the glucan towards the active site located at the back of the tunnel, where a pair of acidic residues catalyses the removal of a cellobiose unit.
Interestingly, the glycosylation reaction and not glucan translocation is the rate-limiting step in cellulose degradation by Cel7A. Detailed computational analyses of the translocation reaction revealed that the polymer slides into the Cel7A tunnel along an 'aromatic path' [75] . The thermodynamic driving force for translocation results from strong electrostatic interactions of the protein with the glucan's terminal glucose units on the 'product side' of the catalytic residues. Most of these interactions are mediated by only two residues, an arginine and aspartate. Thus, favourable interactions at the end of a translocation path with the terminal disaccharide unit likely pull the polymer into the degradation tunnel (figure 6) [75] .
Concluding remarks
Polysaccharides are essential for life. Diverse molecular mechanisms evolved for transporting the high molecular weight polymers to different cellular compartments, displaying them on the cell surface, or degrading the polymers for nutrient uptake or access to target cells. Our understandings of how cells accomplish these tasks are still rudimentary, with more exciting insights anticipated for cell wall biogenesis in plants and microbes as well as synthesis and secretion of matrix polysaccharides in vertebrates. Studying protein -polysaccharide interactions has been hampered by difficulties in obtaining chemically defined preparations of polysaccharides. However, recent advances in chemoenzymatic syntheses are likely to facilitate progress significantly. In addition, cryo-electron microscopy holds royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180060 great promise as a structural biology tool to study polysaccharide synthesizing, transporting or degrading enzymes in polymer-bound states, thereby allowing insights difficult to achieve by crystallographic techniques.
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